We present new version of the OGLE-II catalog of eclipsing binary stars detected in the Small Magellanic Cloud, based on Difference Image Analysis catalog of variable stars in the Magellanic Clouds containing data collected from 1997 to 2000.
Introduction
Precise determination of distances to nearby galaxies is still one of the main goals of modern astrophysics. Eclipsing binary stars were used for this purpose for almost hundred years and in the last decade we witnessed their great "comeback" for two main reasons. First, very large telescopes with mirror diameter more than 6 meters can provide accurate spectroscopy of such faint stars as eclipsing binaries in nearby galaxies. Secondly, long time-base photometry and precise light curves of eclipsing binaries, mostly in Magellanic Clouds and Galactic bulge, are supplied as a by product of microlensing searches, e.g., MACHO (Alcock et al. 1997) and OGLE (Udalski et al. 1997a , Udalski et al. 1998 , Wyrzykowski et al. 2003 .
To date several attempts of distance determination with eclipsing binary method were presented (e.g., Fitzpatrick et al. 2003 , mostly to the LMC because this value is crucial for the distance scale. The extragalactic distance scale is tied to the LMC distance.
In last few years, the distance to the Small Magellanic Cloud was also determined with eclipsing binary method by several authors: Wyithe and Wilson (2001) , Wyithe and Wilson (2002) , Harries, Hilditch and Howarth (2003) . Their papers were based on the photometry obtained by the OGLE collaboration (Udalski et al. 1998) , which contained data from the first 1.5 year of observations of the second phase of the OGLE survey (Udalski, Kubiak and Szymański 1997b) . However, OGLE-II continued collecting data until the end of 2000. A much larger and almost complete subset of the OGLE-II images was reanalyzed with the image subtraction technique -Difference Image Analysis (Żebruń, Soszyński and Woźniak 2001a) . Variable stars detected in that study were presented in the catalog of variable stars in the Magellanic Clouds (Żebruń et al. 2001b) .
The main aim of this paper is to provide a catalog of eclipsing binary stars in the SMC based on the DIA photometry. The catalog contains 1351 stars, from which only 896 were cross-identified in previous version of the catalog indicating that 455 stars are newly discovered eclipsing binary stars.
The search algorithm and classification method were identical with those used in the catalog of eclipsing binary stars in the LMC (Wyrzykowski et al. 2003) . We used artificial neural network for recognition of the variability type and divided discovered eclipsing binaries into three classical types: EA (Algol type), EB (β Lyr type) and EW (W UMa type). The sample is reasonably complete at the level of the DIA catalog of variable stars in the SMC although the completeness of the latter drops rapidly for fainter objects. The sample allows statistical analysis of eclipsing binaries in the SMC and should provide a good material for testing theory of evolution of binary systems as well as for studying the evolution of the SMC, star formation or other projects.
Observational Data
All photometric data presented in the catalog of eclipsing stars were collected with the 1.3-m Warsaw telescope at the Las Campanas Observatory, Chile, which is operated by the Carnegie Institution of Washington, during the second phase of the OGLE experiment. The telescope was equipped with the "first generation" camera with the SITe 2048 × 2048 CCD detector working in driftscan mode. The pixel size was 24µm giving the scale of 0.417 arcsec/pixel.
Observations of the SMC were performed in the "slow" reading mode of the CCD detector with the gain 3.8e − /ADU and readout noise of about 5.4 e − . Details of the instrumentation setup can be found in Udalski, Kubiak and Szymański (1997b The DIA photometry is based on the I-band observations. The catalog of variable stars contains about 15 000 stars in 11 fields of the SMC (Table 1) . Each star has at least 300 good photometric measurements. The magnitudes of stars were transformed to the standard system (Udalski et al. 2000) . The errors of the measurements are about 0.005 mag for the brightest stars (I < 16 mag) and grow to 0.08 mag at 19 mag and to 0.3 mag at 20.5 mag.
Search and Classification of Eclipsing Binary Stars
In order to identify eclipsing binaries we applied here the same algorithm as used in the LMC search Wyrzykowski et al. (2003) . The main ideas employed are summarized below. Automated recognition of the variability type is based on artificial neural network algorithm. Among all 15 000 variable stars in the SMC we selected only periodic ones, using the AoV algorithm (Schwarzenberg-Czerny 1989). Next, phased light curves of those stars were transformed to "images", which were the network input.
Because our data come from the same source as in Wyrzykowski et al. (2003) , i.e., the DIA catalog of variable stars (Żebruń et al. 2001b) we did not have to repeat network learning process and used the network with neural weights set previously for the LMC search. That network was adopted to recognize the basic variability types, as eclipsing, sinusoidal and "saw shaped".
All light curves, which were classified by the network as eclipsing ones, were inspected visually. Then the detected periods were tuned up to smooth the eclipse shape which is very sensitive to period inaccuracies. During visual inspection we divided eclipsing binary stars into three classical types: EA (Algol type), EB (β Lyr type) and EW (W UMa type), according to the Fourth Edition of "General Catalog of Variable Stars" (GCVS, Kholopov et al. 1999) . For several stars multiple classification (e.g., EB/EW) was chosen, because of difficulties with distinguishing between those two classes. In the case of several stars their variability, classification or period are uncertain. Such objects are marked with additional remark as "uncertain".
Very uncertain objects were excluded at this stage. We also excluded almost 100 objects, which were probably ellipsoidal variables. They were automatically classified as eclipsing binary stars, because the shape of their light curves revealed somewhat different depths of minima. However in the case of some stars we were still unable to clearly distinguish between eclipsing and ellipsoidal variables. Therefore, they are additionally marked with "ELL".
In the case of some objects additional variability of one or both components was superimposed on the clear eclipsing variability. These light variations could be caused by e.g., spots on binary stars, high proper motion of the system (long term falling or rising tendency in the DIA light curve, see Soszyński et al. 2002) , variability of blending stars or probably by pulsations of one of the binary components. All variables with additional, confirmed or only suspected, light curve changes are marked with "Puls" or "Puls?" remark, respectively. We did not perform any search for other periods in the light curves of those stars, however we provide this information for two examples. The first object is the star, noted also in Graczyk (2003) , with the ID number 661 in our catalog (SMC SC6 OGLE005139.70-731844.8), where EA class star with period equal to 5.72593 days is probably blended with another EA star with period of 2.617744 days. Light curve of another star no. 778 (SMC SC6 OGLE005253.03-731111.8), exhibits also two periodicities: 1.25171 days and 1.51228 days (EW and EA class respectively).
Additionally, we found 224 eclipsing variables with effects of orbit eccentricity visible in their light curves. They were marked with "ecc" remark. In 49 cases we could not smooth both eclipses using the same period what could be caused by large apsidal motion. We marked these objects as "eccAP" and selected the period that smooths the primary minimum.
Catalog of Eclipsing Binary Stars
In total 1351 eclipsing binary stars were found in the OGLE-II DIA catalog of variable stars in the SMC fields. List of the first 50 stars is presented in Table 2 . It contains the ordinal number of the eclipsing variable star, field, name of the star, number in the previous version of the catalog, orbital period, heliocentric Julian Date of the primary minimum (T 0 -2 450 000, corrected for the position of the star in the driftscan image, as described inŻebruń et al. 2001b), V-band magnitude, B − V and V − I colors at maximum brightness from the standard OGLE-II data pipeline PSF photometry, amplitude in the I-band from DIA photometry (depth of primary minimum) and eclipsing type. Color value of −99.99 indicates no observations in the B or V bands.
One should remember that the conversion of the DIA flux differences to the magnitude scale is not always accurate. In particular, in the case of severely blended objects the depth of minima can be unreliable, as the constant flux cannot be accurately determined. Nevertheless, such blends contain a real eclipsing star.
Among 1351 stars, 51 were identified twice in the overlapping regions between the neighboring fields, therefore the total number of eclipsing binary stars with independent measurements is equal to 1402. List of all cross-identified objects is presented in Table 3 .
Because the DIA photometry data were taken fromŻebruń et al. (2001b), stars' names follow their convention which is based on the equatorial coordinates of the star for the epoch J2000 in the format:
OGLEhhmmss.ss-ddmmss.s For example, OGLE003617.48-731331.9 stands for a star with coordinates RA= 00 h 36 m 17. s 48 and DEC = −73
• 13 ′ 31. ′′ 9. 733 stars were classified as EA, 570 as EB and 150 as EW type. These figures do not sum up to 1402, because of many multiple classifications. Appendices A-C present examples of DIA I-band light curves of types EA, EB and EW, respectively. The ordinate is the phase with 0.0 value corresponding to the deeper eclipse. Abscissa is the I-band magnitude. Light curve is repeated twice for clarity.
Tables, light curves and finding charts of all 1402 eclipsing binary objects are available from the OGLE Internet archive and via the WWW Interface (Section 7).
Please note that periods of several stars might be two times longer than the real one, because in the cases of faint stars and for noisy light curves, the secondary eclipse could not be reliably detected.
Discussion
We present 1351 eclipsing binary stars located in the central regions of the SMC found in the OGLE-II data collected during four observing seasons. The number of stars is, however, smaller than found in the previous release of the catalog (Udalski et al. 1998 ) based on the first 1.5 year of OGLE-II observations. This is likely due to incompleteness of the DIA catalog of variable stars in the Magellanic Clouds (Żebruń et al. 2001b) , from which data for the present search were taken.
Only 896 stars were cross-identified with the previous catalog. It means, that 455 stars presented here are newly discovered eclipsing binary stars. The main improvements compared to the previous catalog include much longer time-base of observations (4 years) and use of the DIA photometry instead of convensional PSF photometry. In the dense stellar fields the former technique is superior to the latter. Overall, present light curves have lower photometric scatter, better phase coverage and they yield much more accurate periods.
A sample of light curves of eclipsing binary stars from both catalogs is presented in Fig. 1 . Stars from the catalog of Udalski et al. (1998) are in the left column while the stars from the current catalog are in the right column. For some objects a small systematic shift up to about 0.05 mag between light curves in the two catalogs can be seen. Most likely it is due to differences in the zero point of calibrations or, as mentioned above, inaccuracies in the conversion of the DIA flux differences to the magnitude scale. Fig. 2 presents histogram of the DIA I-band brightness for all eclipsing binary stars found in the SMC (solid lines) and for those, which were crossidentified with the previous edition of the catalog (dotted line). The number of stars grows up to about I ≈ 18 mag and then falls down to zero at I ≈ 20 mag. Newly discovered eclipsing binary stars (difference of solid and dotted lines on the histogram) are distributed more or less proportionally to the number of stars at a given brightness. Fig. 3 presents a picture of the SMC from the Digitized Sky Survey (DSS) with contours of the OGLE-II fields. Positions of the eclipsing binary stars are marked with dots. The stars are distributed proportionally to the density of the SMC stars, with the largest concentration in the fields SMC SC4-SMC SC6. Fig. 4 shows the histogram of orbital periods of the SMC eclipsing stars in 0.25 day bins from 0 to 10 days. Dashed (red), dot-dashed (green) and solid (blue) lines correspond to classes EA, EB and EW, respectively, and dotted (black) line corresponds to all eclipsing objects. Additional 235 objects with periods longer than 10 days are distributed more or less uniformly and their number falls to zero at longer periods. The majority of stars are short period systems with the most frequent period of about 1 day. The longest period equals to 632.615 days (SMC SC3 OGLE004402.68-725422.5), but both eclipses of this star are very similar and it is possible, that the real period is twice that long if the star has very faint secondary minima, invisible in our data. Another star (SMC SC4 OGLE004617.60-731859.0) has the period equal to 580.5 days. symbols. Fig. 5 indicates, that most of the eclipsing stars belong to the SMC, but there are also some foreground stars, mostly EW class objects.
Another CMD diagram is presented in Fig. 6 . Eclipsing binary stars are divided into 4 groups depending on their periods: short (less than 3 days), medium (from 3 to 7 days), long (from 7 to 15 days) and very long (more than 15 days). Each group is marked on the CMD with different symbol and color. The majority of short and medium period eclipsing stars are located on the main sequence and belong to the young population of stars. Part of the long period stars are located also on the main sequence, but some of them lie on the lower giant branch. Very long period eclipsing stars are mostly concentrated on the red giant branch.
Completeness of the Catalog
We compared our catalog of eclipsing binary stars in the SMC with the previous release by Udalski et al. 1998 . They found 1527 objects (68 identified twice in overlapping fields) using the data covering first 1.5 year of observations of OGLE-II. Only 935 of them can be found in the DIA catalog of variable stars (Żebruń et al. 2001b) , probably because of incompleteness of the DIA catalog for faint stars. 30 out of 935 objects were not found in our preliminary results. In general, those were stars with periods very close to 1, 2 or 5 days and were excluded automatically before the network recognition process. Six objects had very bad photometry or turned out not to be an eclipsing object. Therefore, 24 stars total were added to our final catalog. This yields 97% efficiency of our search algorithm.
To estimate the completeness of our catalog we compared objects detected in the overlapping regions of neighboring fields. Based on astrometric solutions, we checked, which of the detected eclipsing binary stars should have a counterpart in the neighboring field and compared these objects with actually detected stars. In total, 102 stars should have a "twin" in the neighboring field. In practice 92 stars with pairs were found, yielding the mean completeness of our catalog equal to about 90%. This is certainly a lower limit value, because the edges of each field can be affected by non-perfect pointing of the telescope leading to effectively smaller number of observations and consequently to a smaller probability of variability detection.
Five missing pairs were subsequently added manually to the catalog. Parameters of all 102 paired stars were very similar to their "twins", however we unified them to the values of the star with larger number of data points.
